By taking into account the effects of leading particles, we discuss the pseudorapidity distributions of the charged particles produced in high energy heavy ion collisions in the context of evolution-dominated hydrodynamic model. The leading particles are supposed to have a Gaussian rapidity distribution normalized to the number of participants. A comparison is made between the theoretical results and the experimental measurements performed by BRAHMS and PHOBOS Collaboration at BNL-RHIC in Au-Au and Cu-Cu collisions at √ NN = 200 GeV and by ALICE Collaboration at CERN-LHC in Pb-Pb collisions at √ NN = 2.76 TeV.
Introduction
Along with the successful description of elliptic flow and multiplicity production in heavy ion collisions [1] [2] [3] [4] , relativistic hydrodynamics has now been widely accepted as one of the most important tools for understanding the spacetime evolution of the matter created in collisions [5] [6] [7] [8] [9] [10] [11] . With the specified initial conditions, the equation of state, and the freeze-out conditions, the motion of fluid relies only on the local energy-momentum conservation and the assumption of local thermal equilibrium. From this point of view, hydrodynamics is simple and powerful. However, on the other hand, the initial conditions, the equation of state, and the freeze-out conditions of fluid are not well known. Worse still is that the partial differential equations of relativistic hydrodynamics are highly nonlinear and coupled. It is a very hard thing to solve them analytically. From this point of view, hydrodynamics is tremendously complicated. This is the reason why the progress in finding exact hydrodynamic solutions is not going well. Up till now, most of this work is only limited in 1 + 1 dimensional flows for the perfect fluid with the simple equation of state [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The 3 + 1 dimensional hydrodynamics is less developed, and no general exact solutions are known so far.
In the present paper, by using the evolution-dominated hydrodynamics [12] and taking into account the contribution from leading particles, we will discuss the pseudorapidity distributions of the charged particles produced in heavy ion collisions. We will first give a brief introduction to the evolution-dominated hydrodynamics in Section 2. The obtained solutions are then used in Section 3 to formulate the rapidity distributions of charged particles produced in heavy ion collisions. Then, in Section 4, a comparison is made between the theoretical results and experiment measurements carried out by BRAHMS and PHOBOS Collaboration at BNL-RHIC in Au-Au and Cu-Cu collisions at √ NN = 200 GeV [24] [25] [26] [27] and by ALICE Collaboration at CERN-LHC in Pb-Pb collisions at √ NN = 2.76 TeV [28] . The last section is traditionally about conclusions.
A Brief Introduction to Evolution-Dominated Hydrodynamics
Here, for the purpose of completion and applications, we will give a brief introduction to the evolution-dominated hydrodynamics [12] . The motion of a perfect fluid obeys the equation 
is the energy-momentum tensor, V = diag(1, −1, −1, −1) is the metric tensor, and is the 4-vector of fluid velocity. Noticing that
where is the ordinary rapidity of fluid, the 1 + 1 expansion of liquid obeys equations
where
cone coordinates, = √ + − is the proper time, and = 1/2 ln( + / − ) is the space-time rapidity of fluid. In case of vanishing chemical potential,
where and are, respectively, the temperature and entropy density of fluid. From the above two equations, we can get relation
where 0 is an arbitrary initial temperature scale. Equation (6) means the existence of a potential ( + , − ) satisfying
where ± = 0 ± 1 = ± are the light-cone variables of fluid velocity. In this way, (6) is automatically fulfilled.
Equation (4) is a complicated, nonlinear, and coupled one. In order to solve it, one introduces Khalatnikov potential
where ± are the functions of ( , ) implicitly defined by (8) and can be expressed by Khalatnikov potential as
Following from this relation, one can get
From (4), we can get the equation of as
where ( ) is the speed of sound. Equation (12) is now a linear second-order partial differential equation, which works for any form of ( ).
Experimental investigations have shown that the speed of sound is a constant of about = 0.35 or = 8.16, which is almost independent of interaction energy and system [29] [30] [31] [32] . In this case, we can take
Equation (12) becomes
The Green's function ( , ) of ( , ) meets equation
It has solution
where Θ is the Heaviside step function and 0 is the 0th order modified Bessel function of the first kind. Thus, we arrive at
Advances in High Energy Physics 3 where ( , ) stands for the distributions of sources of hydrodynamic flow. In heavy ion collisions at high energy, owing to the violent compression of collision system along beam direction, the initial pressure gradient of created matter in this direction is very large. By contrast, the effect of initial flow of sources is negligible. The motion of liquid is mainly dominated by the following evolution. The typical example reflecting such fact is the Landau hydrodynamic model [14, 15] , where the fluid is assumed initially at rest. In this evolution-dominated case, the source function may take the form as [12, 15, 33] 
where is a constant. Inserting it into (18), we finally obtain the solution
The Rapidity Distributions in High Energy Heavy Ion Collisions
As an application of the Khalatnikov potential of (20), we will now derive the rapidity distribution of the charged particles produced in high energy heavy ion collisions. To this end, we first evaluate the entropy distribution at freeze-out temperature FO = 0 − FO as a function of rapidity . The entropy distribution at freeze-out temperature is defined as the amount of entropy flowing through the hypersurface with a fixed temperature FO in a unit rapidity interval. It has the form as [12] 
where is the 4-dimensional unit vector of the hypersurface
d is the space-like slab element along hypersurface with fixed temperature FO , which is defined as d = d meeting
where the minus sign accounts for the space-like characteristic of d .
In the ( , )-base, the fixed-temperature hypersurface can be conveniently defined by
The tangential vector of the hypersurface is
where the primes represent the derivatives with regard to . According to definitions, we have
Owing to (25) , the above equation turns into
This equation together with (22) gives
Equation (25) translates (23) 
Making use of (28), we obtain
Using (29) and (30), (21) reads
Furthermore, known from (10),
Deduced from (11),
These two equations make (31) become
For evolution-dominated hydrodynamics, substituting (20) into the above equation, we acquire
where 1 is the 1st order modified Bessel function of the first kind. FO = ln( 0 / FO ) is related to the initial temperature of fluid and is therefore dependent on the incident energy and collision centrality. Since 0 should not vary very much with centrality cuts, we can expect that FO would approximately maintain a constant or at least depend weakly on collision centrality for a given incident energy. As the entropy is proportional to the number of produced charged particles, we obtain the rapidity distribution
where ( , √ NN ), independent of rapidity , is an overall normalization constant. is the impact parameter, and √ NN is the center-of-mass energy per pair of nucleons. Figure 1 shows the rapidity distributions for + , − , + , − , , and produced in central Au-Au collisions at √ NN = 200 GeV. The scattered symbols are the experimental data [24] [25] [26] . The solid curves are the theoretical results from (36) . In calculations, the parameter FO takes the value of FO = 2.23. We can see from this figure that, except for proton , (36) fits well with experimental measurements. For proton , experimental data show an evident uplift in the rapidity interval between = 2.0 and 3.0. This may result from parts of leading particles, which are free from the description of hydrodynamics. Hence, in order to match up with experimental data, we should take these leading particles into account separately.
Comparison with Experimental Measurements and the Rapidity Distributions of Leading Particles
Considering that, for a given incident energy, the leading particles in each time of nucleus-nucleus collisions have approximately the same amount of energy, then, according to the central limit theorem [34, 35] , the leading particles should follow the Gaussian rapidity distribution. That is,
where 0 ( , √ NN ) and are, respectively, the central position and width of distribution. In fact, as is known to all, the rapidity distribution of any charged particles produced in heavy ion collisions can be well represented by Gaussian form ( [24] [25] [26] ; also confer the shapes of the curves in Figure 1 ). It is obvious that 0 ( , √ NN ) should increase with incident energy and centrality cut. However, should not apparently depend on them. This is due to the fact that the relative energy differences among leading particles should not be too much for different incident energies and centrality cuts.
Lead ( , √ NN ) in (37) is the number of leading particles. It is a function of energy and centrality.
It is well known that, in nucleon-nucleon, such as pp, collisions, there are two leading particles. One is in projectile fragmentation region, and the other is in target fragmentation region. Then, in nucleus-nucleus collisions, the leading particles should be those nucleons which participate in collisions, the so-called participants, which locate separately at projectile and target fragmentation regions. For collisions between two identical nuclei, each nucleus should have about the same number of participants. Hence, the number of leading particles appearing in projectile or target fragmentation region should be
where Part ( , √ NN ) is the number of total participants in two nuclei, which can be evaluated by formula [36, 37] Part ( ,
where is the coordinates in the overlap region measured from the center of one nucleus. The integrand in above equation: Figure 1 : The rapidity distributions of specified charged particles in central Au-Au collisions at √ NN = 200 GeV. The scattered symbols are the experimental measurements [24] [25] [26] . The solid curves are the results from the evolution-dominated hydrodynamics of (36) .
is the Woods-Saxon distribution of nuclear density. and 0 are, respectively, the skin depth and radius of nucleus. In this paper, they take the values of = 0.54 fm and 0 = 1.12 1/3 − 0.86 −1/3 fm [36] , where is the mass number of nucleus. Tables 1 and 2 show the mean numbers of total participants in different centrality Au-Au and Cu-Cu collisions at √ NN = 200 GeV and Pb-Pb collisions at √ NN = 2.76 TeV. The numbers with and without errors are those given by experiments [27, 28] and (39), respectively. Due to space constraints, Table 1 only shows the numbers in the first nine centrality cuts. It can be seen that both sets of numbers coincide well. [27] . The dashed curves are the results from evolution-dominated hydrodynamics of (36). The dotted curves are the results from leading particles of (37). The solid curves are the sums of dashed and dotted ones.
Having the rapidity distributions of (36) and (37), the pseudorapidity distribution measured in experiments can be expressed as [40] d ( , √ NN , )
where is the transverse momentum, = √ 2 + 2 is the transverse mass, and
is the total rapidity distribution from both fluid evolution and leading particles. Substituting (45) into (43), we can get the pseudorapidity distributions of charged particles. Figures 2, 3 , and 4 show [27, 28] . The dashed curves are the results got from evolution-dominated hydrodynamics of (36) . The dotted curves are the results obtained from leading particles of (37) . The solid curves are the results achieved from (45), that is, the sums of dashed and dotted curves. It can be seen that the theoretical results are well consistent with experimental measurements.
In calculations, the parameter FO in (36) takes the values of 2.80 in the first three centrality cuts, 2.98 in the following six ones, and 3.17 in the last two ones in Au-Au collisions. In Cu-Cu collisions, FO takes the value of 2.95 in the first three centrality cuts, 3.15 in the following six ones, and 3.53 in the last three ones. In Pb-Pb collisions, FO takes the value of 5.85 for the first two centrality cuts and 6.04 for the second two ones. It can be seen that FO increases with incident energy and centrality cut. The width parameter in (37) takes a constant of 0.85 for all three kinds of collision systems in [28] . The dashed curves are the results from evolution-dominated hydrodynamics of (36) . The dotted curves are the results from leading particles of (37). The solid curves are the sums of dashed and dotted ones. different centrality cuts. As the analyses given above, is independent of incident energy and centrality cut. What is more, it is also independent of collision system. The center parameter 0 in (37) takes the values as listed in Tables 1 and  2 . As stated early, 0 increases with energy and centrality cut. From Table 1 , we can see that, for a given incident energy and centrality cut, 0 decreases with increasing nucleus size. This can be understood if we notice the fact that the larger the nucleus size, the more the collisions that the participants will undergo. Hence, the final leading particles will lose more energy or have smaller 0 . The fitting value of 0 = 2.63 in the top 3% most central Au-Au collisions is in accordance with the experimental observation shown in Figure 1 , which indicates that the leading particles are mainly in the range between = 2 and 3. Experimental investigations also have shown that [41] , in the top 5% most central Au-Au collisions at √ NN = 200 GeV, the rapidity loss of participants is up to ⟨ ⟩ ≈ 2.45; then the leading particles should locate at 0 = beam − ⟨ ⟩ = 5.36 − 2.45 = 2.91.
Seeing the smaller centrality cut considered in our analysis, our above fitting result is also consistent with this measurement.
Conclusions
The charged particles produced in heavy ion collisions are divided into two parts. One is from the hot and dense matter created in collisions. The other is from leading particles. Compared with the effect of pressure gradient, the effect of initial flow of the hot and dense matter is negligible. The motion of this matter is mainly governed by the evolution of fluid. This thus guarantees the rationality of evolutiondominated hydrodynamics. With the scheme of Khalatnikov potential, this theoretical model can be solved exactly, and the rapidity distribution of charged particles can be expressed in a simple analytical form in terms of 0th and 1st order modified Bessel function of the first kind with only two parameters = 1/ 2 and FO = ln( 0 / FO ). takes the value from experiments. FO is fixed by fitting with experimental data.
For leading particles, we assume that the rapidity distribution of them possesses the Gaussian form with the normalization constant being equal to the number of participants, which can be figured out in theory. This assumption is based on the consideration that, for a given incident energy, the leading particles have about the same energy and coincides with the fact that any kind of charged particles takes on well the Gaussian form of rapidity distribution. It is interesting to notice that the width of Gaussian rapidity distribution is irrelevant to the incident energy, centrality cut, and collision system. The fitting values of 0 , the central positions
